Calcium is an important second messenger involved in a wide variety of cellular and physiological processes in all life forms. [1] [2] [3] [4] In plants, the Ca 2þ -binding proteins are molecular decoders of calcium signals, which mainly include protein kinases regulated by Ca 2þ . 5) Four major classes of Ca 2þ -regulated protein kinases have been characterized, Ca 2þ -dependent protein kinases (CDPKs or CPKs), CPK-related kinases (CRKs), calmodulin dependent protein kinases (CaMKs), and Ca 2þ and calmodulin-dependent protein kinases (CCaMKs). [5] [6] [7] Of these four classes, CDPKs are one of the largest and most differentiated Ca 2þ target protein groups, and consist of four typical domains (VKJC), an N-terminal variable domain (V), a protein kinase domain (K), an autoinhibitory junction domain (J), and a C-terminal calmodulin-like domain (C) containing EF-hand Ca 2þ -binding motifs. 5) They have been found to play important roles in carbon and nitrogen metabolism, phospholipid synthesis, defense responses, ion and water transport, transcription and hormone responses. [5] [6] [7] [8] Most CDPK genes have been cloned and characterized in a wide variety of plant species, including Arabidopsis, 7) rice, 8) wheat, 9) maize, 10) tobacco, 11) potato, 12) and tomato. 13) In all cases, they are encoded by a large multigene family. In Arabidopsis and rice, it has been found that there are 43 and 41 CDPK isoforms respectively. 7, 8) Moreover, different CDPK isoforms in a given plant species may be distinct in their expression profiles and physiological functions. 6) Natural rubber is synthesized in more than 2,000 plant species, representing about 300 genera of seven families.
14) The rubber tree (Hevea brasiliensis) is a key commercial rubber source due to the good yield and excellent physical properties of its rubber products. Ethephon, as a mimic of the plant hormone ethylene, is widely used to stimulate the production of latex in H. brasiliensis, but the underlying physiological and molecular processes are unclear. 15, 16) In order to clarify the processes and mechanisms of ethylene action, we constructed an ethephon-induced latex suppression subtractive sybridization (SSH) cDNA library for H. brasiliensis, in which 302 expressed sequence tags (ESTs) upregulated by ethephon were screened. HbSSH 47, the only EST-related to Ca 2þ -regulated protein kinase, was identified (data not shown). Here, we report the isolation and characterization of this ethephoninduced CDPK gene, designated HbCDPK1 of H. brasiliensis. The expression of HbCDPK1 was examined in H. brasiliensis organs and under various abiotic stresses, and the kinase and Ca 2þ -binding activity of HbCDPK1 was assayed in vitro.
Materials and Methods
Plant materials. Rubber trees (H. brasiliensis clone RRIM 600) were planted at the experimental farm of the Chinese Academy of Tropical Agricultural Sciences on Hainan Island in China. Six-year-old virgin trees were treated with 1.5% ethephon or 0.08% jasmonic acid y To whom correspondence should be addressed. Tel/Fax: +86-898-65314866; E-mail: zzl catas@hotmail.com Abbreviations: CPK or CDPK, calcium-dependent protein kinase; CRK, CPK-related kinase; CaMKs, calmodulin dependent protein kinase; CCaMK, calcium and calmodulin-dependent protein kinase; SSH, suppression subtractive sybridization; EST, expressed sequence tag; JA, jasmonic acid; RT-PCR, reverse transcriptase-polymerase chain reaction; UTR, untranslated region; RACE, rapid amplification of cDNA ends; ORF, open reading frame; IPTG, isopropyl--D-thiogalactopyranoside; LB, Luria-Bertani; MAPK, mitogen-activated protein kinase (JA) as described by Hao and Wu.
17) The concentrations of ethephon and JA were expressed as weight percentages in lanolin paste. The latex was respectively sampled at 0, 1, 3, 6, 12, 24 h after treatment. The latex was caused to drop directly into liquid nitrogen in an ice kettle, and the frozen latex powder was stored at À70 C or immediately used for RNA extraction. The sampled leaves, roots, and bark were washed with double-distilled water to remove the latex and immediately frozen in liquid nitrogen. The frozen leaves, roots, and bark were stored at À70 C or used immediately for RNA extraction.
Isolation of RNA. For reverse transcriptase-polymerase chain reaction (RT-PCR), total RNA was prepared from latex, leaves, roots, and bark as described by Tang et al.
18) The quality and concentration of the extracted RNA were checked by agarose gel electrophoresis and measured with a spectrophotometer (DU-70, Beckman, Bostan, MA). C and a 10 min final extension at 72 C. The PCR products were analyzed by agarose gel electrophoresis with ethidium bromide staining.
Cloning of
Multiple alignments and bioinformatics analysis. Comparative and bioinformatics analysis of HbCDPK1 were carried out online (http: //www.ncbi.nlm.nih.gov). The nucleotide and deduced amino acid sequences were analyzed, and sequence comparison was conducted by database searches using the BLAST program (http://www.ncbi.nlm. nih.gov). The sequences of HbCDPK1 and CDPKs of other species were aligned with DNAMAN software. A phylogenetic tree was constructed using MEGA version 2.1 from CLUSTAL W alignments.
Analysis of HbCDPK1 expression. To determine the expression profile of HbCDPK1, HbCDPK1-specific primers P1 (5 0 -TCAAAA-GCCCCAAAACTTG-3 0 ) and P2 (5 0 -GTGTTTGAGTTTGAGGG-ACGG-3 0 ) were employed and semi-quantitative RT-PCR was performed. This pair of primers was designed in the low homology middle coding region and the 5 0 -untranslated region (UTR) of HbCDPK1. The PCR conditions were 95 C for 5 min, followed by 22 cycles of 94 C for 30 s, 50 C for 30 s, and 72 C for 2 min, with a 10 min final extension at 72 C for 10 min. A constitutively expressed 18S rRNA gene (forward primer 5 0 -GGTCGCAAGGCTGAAACT-3 0 , and reverse primer 5 0 -ACGGGCGGTGTGTACAAA-3 0 ) was used as internal control following the protocol of Zhu and Altmann. 19) Three replications were independently conducted for all RT-PCRs. PCR products were analyzed by agarose gel electrophoresis with ethidium bromide staining.
Expression and purification of recombinants. The full-length cDNA and the truncated cDNA (in which the CaM-like domain with four EF-hand Ca 2þ -binding motifs was truncated) of HbCDPK1 with the introduced BamHI and XhoI sites were cloned in pET-30a(t) (Novagen, Madison, WI) plasmid via the restriction sites. The resulting constructs were confirmed by sequencing and transferred into E. coli Rosetta gamiÔ. One ml of overnight-cultured transformant in Luria-Bertani (LB) medium containing 50 mg/l of kanamycin was inoculated into 200 ml of fresh LB medium containing 50 mg/l of kanamycin. After transformants in the medium were grown at 37 C to an OD600 of 0.6, isopropyl--D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM/l, and then a further incubation at 37 C was done for 2-4 h. The recombinant HbCDPK1 (full-length HbCDPK1) and the truncated HbCDPK1 without CaM-like domain were purified following the manufacturer with HisTrapÔHP columns (GE Healthcare, Waukesha, WI). The products of the proteins were confirmed by SDS-PAGE by the standard method of Sambrook.
20)
Kinase activity assay. Kinase activity was analyzed by Kinase-Glo Luminescent Kinase Assays (Promega, Madison, WI). Kinase-Glo assays were performed in assay buffer using black 96-well plates. The reaction mixture contained 30 mM Tris, 100 mM NaCl, 0.5 mM DTT, 20 mM MgCl 2 , 0.5 mM CaCl 2 , 10mM ATP, 10% glycerine, 25 mM substrate histone-III, and 20 ng purified HbCDPK1 protein in a final volume of 50 ml. After 5, 10, 15, 20, 25, 30, 35, 40 min incubation at 30 C the enzymatic reaction was stopped with 50 ml of Kinase-Glo reagent. Glow-type luminescence was recorded using a FLx800 Fluorescence Microplate Reader (Bio-tek, Winooski, VT). Activity was proportional to the difference between total and consumed ATP.
Gel shift assay. In order to determine the Ca 2þ binding activity of HbCDPK1, the full-length and truncated HbCDPK1 proteins were divided into two parts by the addition of 2 mM CaCl 2 or 2 mM EGTA, analyzed by 10% SDS-PAGE after adding 1/4 volume of 5ÂLaemmli sample buffer, incubation at 95 C for 3 min, and cooling on ice for 5 min.
Results

Isolation and characterization of HbCDPK1
HbSSH47, an EST with high homology to CDPK genes, contains 611 bp without the 3 0 -and the 5 0 -end parts of the cDNA. With the help of 5 0 -RACE primer and 3 0 -RACE primer, the 3 0 -and 5 0 -RACE strategies were conducted for the unknown 3 0 -and 5 0 -end fragments of CDPK cDNA, and two fragments, of 1,154 bp and 877 bp, were cloned. By alignment and assembly, the full-length cDNA sequence was deduced, amplified by RT-PCR, and confirmed by sequencing.
The full-length cDNA was 2,400 bp in length, and contained a 1,671-bp ORF flanked by a 351 bp 5 0 -UTR and a 378 bp 3 0 -UTR, including a poly (A) tail of 37 bp. The deduced protein comprised 556 amino acid residues with predicted molecular masses of 62.27 kDa and a calculated pI of 6.74, and shared 85.10%, 80.54%, 75.58%, and 72.09% identity with the corresponding CDPKs of Ricinus communis, Populus trichocarpa, Panax ginseng, and Solanum lycoper (Fig. 1B) , The predicted protein contains all four characteristic domains of the calcium-dependent protein kinase, including a variable domain of 109 amino acids at the N-terminal end, a kinase catalytic domain of 258 amino acids, a 144-amino acid calmodulin-like domain with four completely conserved Ca 2þ -binding EF hands at the C-terminus, and an additional variable domain (Fig. 1A) . Hence, this gene is designated HbCDPK1 (GenBank accession no. EU581818).
CRKs have catalytic domains closely related to those of CDPKs, but EF-hand motifs are degenerated and appear to be unresponsive to calcium. 7) A phylogenetic tree based on the amino acid sequences of Ca 2þ -regulated protein kinases indicates that the HbCDPK1 is closer to the CRK protein family, and is to be grouped in the CDPK family (Fig. 2) , suggesting that HbCDPK1 is an evolutionary link between CDPKs and CRKs.
Expression of HbCDPK1 in the rubber tree
To determine the expression profile of HbCDPK1 among different organs in H. brasliensis, total RNA was extracted from reddish young leaves, roots, bark, and latex, and subjected to semi-quantitative RT-PCR analysis. The results indicated that HbCDPK1 was constitutively expressed in all the tested tissues, but at different levels, with the highest transcription in latex, weakly in leaves, barks and roots, suggesting that the gene is laticifer-preferential (Fig. 3) .
Effects of JA, wounding and ethephon treatment on the expression of HbCDPK1 in latex JA can induce laticifer differentiation and can regulate rubber biosynthesis in H. brasiliensis. 17) Ethephon is widely applied to the trunks of rubber trees to stimulate latex yield. 16) Wounding can induce biosynthesis of endogenous ethylene. In order to determine whether the expression of the HbCDPK1 gene was regulated by JA, wounding or ethephon, expression of HbCDPK1 in latex from treated trees was examined by semi-quantitative RT-PCR.
The results that the HbCDPK1 transcripts in the latex obviously increased at 1 h, reached a maximum at 6 h, and decreased at 12 h after JA treatment (Fig. 4A) . Expression of HbCDPK1 in latex was also induced by mechanical wounding (Fig. 4B ). An increase in transcripts was observed at 1 h after mechanical wounding, a maximum was reached at 3 h, and then the transcripts decreased (Fig. 4B) . In response to ethephon, the accumulation of HbCDPK1 mRNA in latex gradually enhanced and reached a maximum at 12 h after treatment, followed by a decrease to the normal level (Fig. 4C) .
Activity assay of HbCDPK1
To analyze its activity, both the full-length HbCDPK1 and its truncated variant were overproduced in E. coli and confirmed by SDS-PAGE, resulting in the production of proteins of about 72 kDa and 45 kDa which corresponded respectively to the predicted value. The proteins were purified by Ni-NTA affinity chromatography (Fig. 5) .
The kinase activity of recombinant HbCDPK1 was analyzed by Kinase-GloÔ luminescent kinase assay. In order to optimize the reaction, experiments were performed to determine the optimal concentrations of ATP, substrate, and kinase necessary for the reaction (data not shown). In the optimal reaction, the luminescence values declined rapidly after the HbCDPK1 protein was added to the reaction system, whereas the luminescence values showed almost no change in a reaction system containing the same ingredients but without the HbCDPK1 protein (Fig. 6 ), indicating that the purified recombinant HbCDPK1 had kinase activity.
In order to determine whether the kinase activity of HbCDPK1 depends on Ca 2þ , kinase activity was assayed in the presence of EGTA (Ca 2þ chelator), but no activity was detected. The kinase activity of truncated HbCDPK1 was also measured in the abovementioned optimal reaction, but no enzyme activity was detected (data not shown). These results confirm that HbCDPK1 is a calcium-dependent protein, in which the CaM-like domain is necessary for kinase activity.
A gel shift assay was performed to determine whether HbCDPK1 has Ca 2þ -binding activity. The purified HbCDPK1 protein and its truncated variant were analyzed by SDS-PAGE in the presence of EGTA or CaCl 2 . As shown in Fig. 7 , the electrophoretic migration rate of full-length HbCDPK1 in the presence of Ca 2þ was faster than in the absence of Ca 2þ , whereas the electrophoretic migration rate of truncated HbCDPK1 remained unchanged in the presence and the absence of Ca 2þ , that the recombinant HbCDPK1 bound Ca 2þ in vitro. Amino acid sequences were aligned using the Clustal W program, and the corresponding tree was built by the neighbor-joining method. All Ca 2þ -regulated protein kinases were retrieved from Genbank, including CpCaMK1 (AAC26005), CeCaMK1 (BAA82674), DmCaMK11 (JU0270), NtCCaMK1 (AAD28791), NtCCaMK2 (AAD52092), LlCCaMK (AAC49008), DcCRK (CAA58750), AtCRK3 (NP182193), ZmCRK3 (BAA12692), HbCDPK1 (ACB71246), RcCDPK1 (XP002518484), AtCPK23 (NP192383), PgCPK1 (ACY78680), PtCPK21 (XP00231652), and RcCDPK1 (XP002518484). 
Discussion
CDPKs are the most differentiated Ca 2þ target protein group. Different CDPK genes are expressed in different organs and at different developmental stages during the growth and development of a plant. 5) CDPK genes have been found to be involved in plant stress signal transduction and defense responses, and also to be regulated by mechanical wounding and various plant hormones, such as jasmonic acid (JA), gibberellin (GA), auxin (IAA), abscisic acid (ABA), and ethylene. 5, 13, [21] [22] [23] [24] [25] [26] [27] The biosynthesis of natural rubber, like other secondary metabolites, is affected by various plant hormones. JAstimulation can induce laticifer differentiation and can regulate rubber biosynthesis in laticifer. 17) In this study, transcription of HbCDPK1 was induced by JA (Fig. 3B) , implying that HbCDPK1 is involved in the JA-signaling pathway. It will be of great interest to determine whether HbCDPK1 regulates laticifer differentiation and rubber biosynthesis in latecifers in the H. brasiliensis by the JA-signaling pathway.
Calcium figures in ethylene signal transduction and is required for the ethylene-dependent response. 28 ) Some calcium sensor genes regulated by ethylene have been isolated, such as LeCPK1, and LeCPK2 in tomato 13, 23) and EICBP in Arabidopsis. 29) Both mechanical wounding and ethephon-stimulation can induce the biosynthesis of endogenous ethylene in H. brasiliensis.
30)
Ethylene stimulation can distinctly alter the distribution of Ca 2þ and calmodulin in latex in H. brasiliensis (data not shown). In this study, transcription of HbCDPK1 was rapidly induced by mechanical wounding, and reached maximum at 6 h (Fig. 4B) . Accumulation of HbCDPK1 mRNA was also enhanced at 1 h, and reached maximum at 12 h after ethephon stimulation (Fig. 4C) . It is suggested that the transcripts of the HbCDPK1 gene (Fig. 4B and C) are related to the level of ethylene in the cells, reflecting the level of ethylene that mechanical wounding and ethephon treatment induced in latex. All these data suggest that there is crosstalk between the calcium and wounding-related signaling pathways in the rubber tree, which takes place in ethephon-stimulated latex production.
As the key intermediates in calcium-mediated signaling in plants, CDPKs have many different substrates, that reflect the diversity of their functions. Some substrates involved in carbon metabolism have been identified through in vitro phosphorylation, such as sucrose phosphate synthase in spinach, 31, 32) sucrose synthase in soybean, 33, 34) and phosphoenolpyruvate carboxylase in maize and soybean, 35) that CDPKs have important roles in the regulation of plant carbon metabolism. Sucrose contents and metabolism intensity are considered as limiting factors in the biosynthesis of natural rubber in H. brasiliensis. It was also shown that ethylene could accelerate sucrose metabolism by regulating its correlative enzymes. This is considered one of the reasons for ethephon-stimulated latex production. 36, 37) Hence, it is speculated that HbCDPK1 is involved in ethephonstimulated latex production by regulating sucrose metabolism in H. brasiliensis. A further investigation will be done to identify the substrates of HbCDPK1, and to determine whether HbCDPK1 is involved in the ethylene-stimulated latex production in H. brasiliensis.
Plants have different signaling pathways to respond to environmental stimuli. Intracellular signaling via CDPKs is widely used to react to a changing environment. Crosstalk of a CDPK-mediated signaling pathway with other signaling pathways has also been reported in wheat and tobacco, 9, 38) and plant-pathogen interactions and wounding may be interlinked at the level of mitogen-activated protein kinases (MAPKs). 25) In tobacco, for example, two MAPKs, salicylic acid-induced protein kinase (SIPK) and wounding-induced protein kinase (WIPK) have been proposed to function as central convergence points in stress signaling. 39) NtCDPK2 has been implicated in two different signaling pathways, connected to MAPK activation and phytohormone signaling, suggesting that the CDPK and MAPK pathways do not function independently and that coordinated activation of the two pathways is needed for efficient responses to biotic and abiotic stress. 25, 40) Presently, a CDPK/CPK3 required for MAPK-independent salt-stress acclimation in Arabidopsis has also been demonstrated. 41) Nevertheless, whether and how HbCDPK1 mediates multiple signal transduction pathways and maintains the specificity of its substrate remains to be elucidated. 
